The time-course of programmed cell death (apoptosis) during reorganization of gill epithelium in salinity-stressed tilapia was analyzed using a recently developed method based on laser scanning cytometry (LSC) of dissociated gill cells. Apoptosis in mitochondriarich cells (MRC) was distinguished from that in other cell types using Na + /K + ATPase (NKA) as a cell-speciWc marker. Caspase 3/7 activity in MRC, assessed using LSC and microplate assays, increased signiWcantly starting at 6 h of salinity stress and remained elevated for at least 5 days. This time-course of apoptosis in MRC during acute salinity stress was reXected in elevated apoptotic DNA fragmentation. In parallel to induction of apoptosis, MRC showed a pronounced shift to G2 phase of the cell cycle, which is indicative of G2/M cell cycle arrest, and an increase in NKA abundance per MRC. Unlike in MRC, apoptosis was not signiWcantly increased in other gill cell types, although there was a small transient increase in DNA fragmentation at 6 h. G2 arrest was also observed. Overall, we interpret our data as evidence for a signiWcant role of apoptosis in the extensive reorganization of MRC populations that takes place during salinity acclimation, perhaps similar to its well-established role during organismal development.
Introduction
Euryhaline tilapia (Oreochromis mossambicus) tolerate a wide range of salinity and many other types of environmental stress making them a prominent invasive species (Burger et al. 1992; Canonico et al. 2005; Moyle 2000 ) and a good model organism for studying mechanisms of osmotic stress adaptation (Fiol et al. 2006; Fiol and Kültz 2005) . Their ability to thrive in diVerent environments also makes them a robust aquaculture species (Sardella et al. 2004a) . Although tilapia are freshwater (FW) Wsh, they can be cultured eYciently in seawater (SW) and hypersaline water, which is greatly advantageous in light of the global shortage of FW that represents one of the most severe global challenges of our time (Beuhler 2003) . For instance, current projections of global climate change forecast increases in estuarine bay area salinities in US coastal water systems of as much as 9 ppt (Knowles and Cayan 2002) . Similar projections are predicted for Southeast Asia and other parts of the world. Because such signiWcant salinity increase will have dramatic eVects on organisms inhabiting these ecosystems, it is critical to study means by which aquatic organisms, notably Wshes, physiologically adapt to salinity stress.
Apoptosis represents a physiological adaptation that selectively kills cells by programmed cell death. This physiological mechanism is important during development, diVerentiation of tissues and organ systems, and for removing terminally damaged cells (Yamashita et al. 2008; Matey et al. 2008; Kültz 2005) . Measurements of apoptosis in teleost gill cells in response to salinity stress are sparse. Apoptosis has been detected previously in tilapia gill cells using electron microscopy, but using this method it is diYcult to quantify (Wendelaar Bonga and Van Der Meij 1989) . In this study we used a microplate reader-based activity assay for caspase 3/7 and laser scanning cytometry (LSC)-based apoptosis assays to quantify apoptosis in mitochondria-rich cell (MRC) and in other gill epithelial cell types. Caspases 3 and 7 are closely related pro-apoptotic eVector caspases that activate DNases responsible for nucleosomal DNA fragmentation (Kültz 2005; Lüthi and Martin 2007; Paulsen et al. 2008) . We have quantiWed apoptotic DNA fragmentation in tilapia MRC and other gill cells by LSC using deoxynucleotidyl transferase-mediated dUTP nick endlabeling (TUNEL) assay. The goal of this study was to assess the degree and time-course of apoptosis in MRC and other gill cells to learn whether and how this process contributes to the extensive reorganization of gill epithelium in euryhaline Wsh exposed to salinity stress.
Methods

Animals
Tilapia (O. mossambicus) grown from FW laboratory stock, were maintained at the UC Davis Center for Aquatic Biology and Aquaculture at 23-26°C. Sixty-four Wsh measuring 9.3 § 0.15 cm (10.44 § 0.4 g) were used for LSC analysis and 12 Wsh measuring 17.4 § 0.5 (90.98 § 7.0 g) were used for Caspase activity microplate reader assays. They were transferred to recirculating, 38 or 75 l glass aquaria Wlled with FW and Wtted with air-stones and maintained at 24-27°C. They were fed commercial trout pellets up to 2 days before sampling. After 2-3 days pre-acclimation to glass aquaria, tilapia were exposed to 25 g/l (25 ppt) diluted SW by Wrst draining tanks to »1/3 FW and reWlling to the appropriate salinity by adding warmed SW, collected from the UC Davis Bodega Bay Marine Laboratory. Fish were then allowed to acclimate and sampled at 0, 3, 6, 9, 12, 24, 72 , and 120 h. Temperature was held at 24-27°C during all exposures and water was Wltered to prevent ammonia accumulation. Salinity was monitored using a light refractometer.
Laser scanning cytometry analysis of caspase 3/7 activity Fish were sacriWced by overdose with MS222 and rapid spinal transection, followed by gill perfusion with ice-cold Ca 2+ -, Mg
2+
-free phosphate buVered saline (PBS) (Gibco, Invitrogen). Gill epithelial cells were scraped from the Wlaments, mechanically disassociated, counted, resuspended, and centrifuged onto poly-L-lysine (PLL)-coated coverslips, as described previously (Kammerer et al. 2008) . Immediately following adherence of cells, cell-coated coverslips were incubated for 30 min in a 37°C bath with carboxyXuorescein-labeled caspase 3/7 inhibitor (FAM-DEVD-FMK), which binds to active caspase 3/7 (Immunochemistry Technologies, LLC, parts #93/4). This inhibitor was diluted from 150£ frozen super-stock (reconstituted in DMSO) to 30£ (as per manufacturer's instructions) and again by 1:50 for optimal staining. Following incubation, cells were rinsed thrice: two times in PBS containing 1% bovine serum albumin (PBA) and once in PBS, each for 5 min. Cells were then Wxed in 1% methanol-free formaldehyde at pH 7.5 (diluted from 10% stock solution-PolySciences, Inc. # 04018-with PBS). Coverslips were then rinsed once with PBS, and stored overnight in 70% ethanol (1 ml) at ¡20°C.
Following overnight storage in 70% ethanol, cell coverslips were rinsed brieXy by dipping in PBS three times, incubated in PBA for 30 min., and then blocked in 1% goat IgG in PBA for 30 min. Coverslips were then incubated with primary Na + /K + ATPase (NKA) antibody against the avian -subunit developed by Douglas M. Fambrough. This antibody was obtained from the Developmental Studies Hybridoma Bank instituted under the auspices of the National Institute for Child Health and Human Development (NICHD) and maintained by the University of Iowa, Department of Biological Sciences, Iowa City, IA 52242, USA. NKA antibody was diluted in PBA (1%) 100-fold and coverslips incubated with this solution for 1 h at room temperature. Following primary NKA antibody incubation, cellcoated coverslips were then rinsed three times for 5 min in PBS (0.5 ml) in 12-well plates. PaciWc-Blue labeled secondary antibody (Invitrogen P-10993) was then diluted to 1:100 in PBA, 1/100th (v/v) of 100 g/ml thawed RNase solution added (Sigma R-5000), and coverslips incubated in this solution for 30 min. Coverslips were then rinsed three times in PBS for 5 min before incubation in propidium iodide (PI) to stain DNA. After DNA staining, PI staining solution was removed and coverslips used immediately for LSC analysis.
Trivariate LSC analysis (Compucyte) was performed using an argon laser (488 nm excitation) for FAM-DEVD-FMK (FLICA), and PI, and a ultra violet (UV)-blue laser (400 nm excitation) for PaciWc-blue. Cells were detected based on nuclear PI staining and Xuorescence recorded in each cell using blue (NKA), green (FLICA), and red (PI) emission photomultiplier tubes (PMTs) and Wincyte software (v. 3.6, Compucyte). For each scan, an area of identical size (5 mm 2 ) was scanned using a 20£ Xuorescence objective (Olympus). Cell micrographs, galleries, and Xuorescence data were recorded using Wincyte software. Cell cycle analysis was performed based on PI Xuorescence as previously described (Kammerer et al. 2008) .
Microplate-based caspase 3/7 activity assay Gill epithelia taken from Wsh exposed to treatment salinities (0 or 25 g/l) for 72 h were homogenized in 0.75 ml buVer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 0.2% Triton-X), pH 7.5, per 0.25 g snap-frozen gill tissue in glass homogenizers, on ice. Supernatants were collected after centrifugation at 13,000g and 4°C for 5 min and diluted 1,000-fold in homogenization buVer. Caspase 3/7 activity was determined using the Caspase-Glo 3/7 Assay (Promega) using 50 l sample per 50 l of reagent (1:1) with luminescence read after 45 min incubation at 25°C with a SpectraXuor Plus luminescence microplate reader (Tecan). Caspase 3/7 activity was normalized to total protein per sample, which was determined by bicinchoninic acid protein assay (Pierce).
Laser scanning cytometry analysis of apoptotic DNA fragmentation, NKA abundance, and MRC size To test the eVect of salinity on apoptosis measured by TUNEL assay, cells were Wxed immediately after attachment on coverslips and stored overnight as described above. Coverslips were rinsed once with wash buVer (Phoenix Flow Systems, #ABWB13) for 5 min before incubation with APO-BrdU DNA-labeling solution containing 2£ concentrations recommended as per manufacturer's instructions [20 l reaction buVer (Phoenix Flow Systems, #ABRXB14), 1.5 l TdT enzyme (Phoenix Flow Systems, #ABTD15), and 16 l Br-dUTP (Phoenix Flow Systems, #ABBU16)] to 0.5 ml total volume. TUNEL incubation was performed in a 37°C water bath. Coverslips were then rinsed once with rinse buVer (Phoenix Flow Systems, #ABRB17) and again with PBS for 5 min. before NKA primary and secondary antibody incubations (1:100). Following NKA labeling, cells were rinsed two times in PBS then once in rinse buVer (Phoenix Flow Systems, #ABRB17) for 5 min before anti-BrdU antibody incubation using mouse monoclonal Alexa488-labeled (Invitrogen, Molecular Probes #A21303) secondary antibody (1:200) in rinse buVer for 30 min. Cell-coated coverslips were then rinsed once in PBS for 5 min. before incubation in PI solution (1:500) for 5 min. After DNA staining, PI staining solution was removed and replaced with PBS. Coverslips were stored in PBS at 4°C in paraWlm-sealed, 12-well plates and kept dark until analysis by LSC. They were analyzed by LSC the following day for TUNEL assay, NKA Abundance, and MRC size. Prior to LSC analysis, cellcoated coverslips were Wrst mounted in 5-10 l PBS and secured to microscope slides, as described previously (Kammerer et al. 2008) .
Trivariate LSC analysis was performed using an argon laser (488 nm excitation) of the laser scanning cytometer (Compucyte) for Alexa488 (TUNEL), PI, and a UV-blue laser (400 nm excitation) for PaciWc-blue (NKA), while Xuorescence was recorded using blue, green, and red emission PMTs of the LSC. Cells were detected based on PI (red) Xuorescence using Wincyte software (v. 3.6, Compucyte) during the Wrst scan, and based on NKA (blue) Xuorescence during a second scan that was done to quantify NKA Xuorescence per MRC and MRC size. For each scan, an area of identical size (5 mm 2 ) was scanned using a 20£ Xuorescence objective. Cell micrographs and galleries were recorded using Wincyte software.
Statistics
One-way ANOVA was used to assess the eVects of time of salinity exposure on apoptosis in tilapia gill cells followed by post hoc Dunnett test after transformation by arcsine square-root (for proportions). EVects of time of salinity exposure on MRC size and NKA abundance per MRC were also analyzed using ANOVA, followed by a Tukey HSD post hoc test. Two-way ANOVA was used to examine combined eVects of time of salinity exposure and cell type, followed by post hoc Tukey HSD test on values also transformed by arcsine square-root for proportions for cell cycle analysis. A paired t-test was used to analyze the eVects of salinity treatment on caspase 3/7 activity in tilapia gill tissue. All statistics were performed using Sigmastat software (v3.5), while graphs were made using Sigmaplot (9.0). SigniWcance was set at P < 0.05 for all tests and values represent the average of six replicates (n = 6); data are presented as the mean § standard error of the mean.
Results
The eVect of acute salinity increase on the time-course of caspase 3/7 activity (executioner enzymes of apoptosis) was determined in gill cells bound to coverslips within a representative scan area of 5 mm24 h (Fig. 1) . Based on this time-course, it is possible that caspase 3/7 activity shows a biphasic increase in response to salinity stress. However, because caspase 3/7 activity is still elevated at 9, 12, and 24 h it is more likely that the activation of caspase 3/7 is sustained by the MRC over a period of 5 days. Branchial caspase 3/7 activation with salinity exposure of tilapia was conWrmed using an alternative method based on luminometry using a microplate reader. Using this assay we observed a 1.6-fold signiWcant increase in caspase 3/7 activity 3 days after SW exposure (16.61 § 1.54) compared to controls (10.39 § 2.40) (Fig. 2) . The magnitude of this increase is slightly lower than the 2.6-fold increase measured in MRC (0.187 § 0.016), compared to controls (0.07 § 0.012), using LSC. The reason for this diVerence is the lack of a signiWcant increase of caspase 3/7 activity in gill epithelial cells other than MRC (Fig. 1) . Unlike with the LSC-based assay it is not possible to distinguish MRC and other cell types in the microplate-based caspase 3/7 activity assay and, therefore, the activity measured with this assay represents the average activity in all gill cell types.
To conWrm the time-course and cell type speciWcity of apoptosis, we analyzed another hallmark of apoptosis in MRC compared to other gill cell types using LSC. TUNEL assay measures the degree of apoptotic DNA fragmentation by incorporation of a Xuorescently labeled nucleotide at the free end of DNA (dUTP-Alexa488). Thus, the amount of Xuorescence is proportional to the number of free DNA ends (=degree of DNA fragmentation). Using TUNEL assay we observed essentially identical kinetics of apoptosis in MRC of tilapia exposed to salinity stress as for caspase 3/7 activity. Acute SW exposure resulted in a rapid, signiWcant increase of DNA fragmentation at 6 h that was sustained at 3 and 5 days, but not signiWcant although quite pronounced at 12 and 24 h (Fig. 3) . In contrast, no signiWcant increase of DNA fragmentation was seen in cell types other than MRC (Fig. 3) .
To investigate whether the kinetics of MRC apoptosis correlates with cell cycle changes during salinity acclimation, we determined the proportion of MRC in G1 and G2 phases of the cell cycle based on the intensity of PI staining, where cells in G2 phase were distinguished from those in G1 by having twice the amount of DNA in their nuclei (Kammerer et al. 2008) . The proportion of MRC in G2 phase increased signiWcantly (peak 1.4-fold at 3 days) over a period of 5 days in parallel to the observed increase in MRC apoptosis, while MRC in G1 phase of the cell cycle decreased signiWcantly (maximum 1.58-fold at 3 days) in number (Fig. 4a) . The correlation between cells in G1 and G2 phase of the cell cycle was very good indicating that there was a shift of MRC from G1 to G2 phase during salinity acclimation (Fig. 4c) . Virtually identical results were obtained for cell types other than MRC. Their G2 proportion Fig. 1 Tilapia increase levels of caspase 3/7-labeled MRC in SW. a FW tilapia gill cells co-labeled with 1 NKA and 2 PaciWc-blue antibodies (blue), caspase 3/7 FAM-DEVD-FMK FLICA stain (green), and PI (red). b SW (5 days) tilapia gill cells also triple-stained and at £20 magniWcation. c Proportion of MRC (top) increase following SW exposure at 6, 72, and 120 h. Non-MRC (bottom) exposed to SW do not change the amount of caspase 3/7-labeled cells. SigniWcance indicated by astericks between mean values (n = 6), relative to FW (0 h) per cell type increased signiWcantly (peak 1.88-fold at 3 days), while their G1 proportion decreased signiWcantly (maximum 1.84-fold at 3 days). The two phases were also closely correlated (Fig. 4b, d ).
We were interested in comparing the time-course of MRC apoptosis to the kinetics of NKA abundance in MRC and MRC size to see how these physiological parameters correlate. SigniWcant increases were observed as early as 1 day after initial salinity exposure for NKA abundance per MRC and 3 days after initial salinity exposure for MRC size (Fig. 5) . The onset of signiWcant changes in NKA abundance per MRC and MRC size is clearly later than the onset of apoptosis suggesting that apoptosis of a subpopulation of FW MRC and associated rediVerentiation of gill epithelium may contribute to adaptive changes of branchial physiology during SW acclimation.
Discussion
We have shown that a prolonged increase in MRC apoptosis occurs in response to salinity stress in tilapia. Apoptosis starts 6 h after the initial salinity exposure and lasts for at least 5 days. Two hallmarks of apoptosis, caspase 3/7 activation and DNA fragmentation, have previously been shown to be activated in cultured mammalian kidney cells (Mak and Kültz 2004; Michea et al. 2000) . We now show that these parameters also increase in MRC after salinity exposure of tilapia. Caspase 3/7 activity and DNA fragmentation increase in response to salinity stress in MRC, but not in other gill epithelial cells. Both hallmarks of apoptosis are downstream of the convergence point for extrinsic and intrinsic apoptotic signaling cascades (Lüthi and Martin 2007) . Therefore, we are currently not able to discern whether salinity-induced apoptosis of MRC is mediated via the extrinsic or the intrinsic pathway. Of interest, although not signiWcant, there was an increasing trend in DNA fragmentation in non-MRC that peaks at 6 h and could be due to direct DNA damage shortly after the initial salinity exposure (Kültz and Chakravarty 2001) . Nevertheless, the sustained 5-day increase in apoptotic DNA fragmentation observed in MRC was not seen in other gill cell types, indicating that MRC apoptosis is likely not a result of non-speciWc damage inXicted during hyperosmotic salinity stress, but rather a speciWc process that supports MRC diVerentiation during SW acclimation.
Our data show that MRC experienced apoptosis more readily than other cell types in response to salinity stress. This observation suggests that reorganization of branchial MRC population due to accelerated turnover of this cell type contributes signiWcantly to salinity acclimation. It also suggests that a signiWcant portion of FW MRC is replaced by new SW MRC during salinity stress rather than being remodeled or rediVerentiated into SW MRC. Because it has been observed previously in tilapia yolk-sac epithelium that MRC also rediVerentiate from the FW into the SW phenotype rather than being replaced (Hiroi et al. 2005 ) it may be possible that both types of regulation apply [(a) MRC replacement due to apoptosis and de-novo diVerentiation, and (b) rediVerentiation of existing MRC from FW to SW phenotype]. The prolonged time-course of apoptosis observed in this study corresponds well with the acute acclimation period, during which the gill epithelium is reorganized, branchial ion transport is altered, and MRC are greatly modiWed (Foskett et al. 1981; Hwang et al. 1989) . Our data also correlate with a rapid transient increase in mitotic MRC that reaches its maximum at 8 h following salinity exposure in tilapia (Kammerer et al. 2008) , as well as increased MRC turnover measured in other teleost species (Chretien and Pisam 1986) .
However, because changes in the overall distribution of MRC in the two most prominent cell cycle stages (G1 and G2) are similar to those of other cell types, our results indicate that cells accumulating in G2 phase may primarily be a consequence of G2/M cell cycle arrest to allow time for acclimation and that such cell cycle arrest is activated in all gill cell types. G2/M arrest is a common cell cycle checkpoint that is activated during osmotic stress in yeast, mammalian cells, and tilapia gill cells (Kammerer et al. 2008; Kültz et al. 1998; Shiozaki and Russell 1996) .
In contrast to the ubiquitous eVect of salinity on G2 arrest of gill epithelial cells, apoptosis increases signiWcantly only in MRC but not in other cell types, at least during the moderate salinity stress used in this study (acute exposure from FW to 25 ppt SW). Thus, our results suggest Fig. 5 Mitochondria-rich cell increase UV-blue intensity (NKA stain) per cell and size in SW. a A rare, apoptotic FW MRC is less blue and smaller in size than b SW-exposed MRC at 3 days, which also appears more blue. c MRC UV-blue intensity per cell increases by 24-72 h and through 5 days. d MRC size increases at 72 h (3 days) and through 5 days. Letters indicate signiWcance between mean values (n = 6), relative to FW (0 h) that apoptosis plays a more active role in adaptive rediVerentiation of gill epithelium rather than just being a process for removal of non-speciWcally damaged cells. If the latter were true we would expect to observe a comparable degree of apoptosis in MRC and other cell types, which is clearly not the case. The prolonged time-course of apoptosis in MRC is supported by an earlier electron microscopy study that showed that tilapia MRC apoptosis is signiWcantly increased several days after transfer from FW to SW (Wendelaar Bonga and Van Der Meij 1989) . In addition, our results agree with a previous study that predicted that tilapia increase apoptosis by two-to threefold several days after acute salinity stress for every 20-30 g/l increase in salinity (Sardella et al. 2004b) .
In this study we used NKA antibody as a marker for MRC. At the same time, this antibody enabled us to quantify NKA abundance in individual MRC and to determine MRC size. While NKA antibodies have previously been used as a MRC marker (Lima and Kültz 2004; Sardella et al. 2008) and MRC size has often been measured after live DAPSMI/DASPEI staining (Foskett et al. 1981; Kültz et al. 1992; Van Der Heijden et al. 1997) , the Wxation of whole cells on PLL-coated coverslips allowed us to combine these two approaches and utilize NKA antibodies for determination of MRC size in Wxed, dissociated cell populations. This method is advantageous over live cell stains such as DASPMI when co-labeling with dyes that require Wxed cells is desired (for instance TUNEL labeling) and also to measure NKA abundance per MRC. Our data show that signiWcant changes in NKA abundance per MRC occur signiWcantly later than the onset of apoptosis, suggesting that MRC apoptosis may contribute to the reorganization of MRC populations during salinity stress. This argument is also supported by a relatively slow increase in NKA activity in gills of tilapia following salinity transfer (Dange 1985; Hwang et al. 1989) . Likewise, signiWcant changes in MRC size only occurred several days after the onset of MRC apoptosis, which is consistent with previous studies based on MRC DASPMI staining and electron microscopy (Cioni et al. 1991; Uchida et al. 2000; Van Der Heijden et al. 1997) .
Taken together, we interpret the results of our study as indicative of a signiWcant role of apoptosis in the reorganization of gill epithelium, in particular in the physiological adjustments of MRC populations when tilapia are exposed to hyperosmotic salinity stress.
